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1.  Introduction  
Polarization Mode dispersion (PMD) has emerged as one of the critical hurdles for 

next generation high bit-rate transmission systems (≥10GB/s/channel). To first order, 
PMD can be represented by a differential group delay (DGD) between the two principal 
states of polarization.  

For a fixed average PMD value, DGD is a random variable that has a Maxwellian 
probability density function. A critical aspect of PMD compensation is to account for the 
low probability but high-degradation tails of this distribution. PMD is a stochastic, 
random process because: (i) each short discrete length of fiber will have a slightly 
different core asymmetry, (ii) the extent of the signal degradation caused by PMD is 
dependent on the state of polarization of light at a given point in the fiber link, and (iii) 
the state of polarization of an optical signal will wander randomly due to temperature 
changes and mechanical stress. 

Fibers links deployed before 1996 may have a PMD value that is perhaps >100 times 
greater than present-day fiber. Even with new fiber, PMD, remains a major problem 
since: (i) there is still a small residual asymmetry in the fiber core, and (ii) slight PMD 
exists in discrete in-line components, such as isolators, couplers, filters, Erbium-doped 
fiber (EDF), modulators, and multiplexers. Therefore, even under the best of 
circumstances, PMD will still significantly limit the deployment of 40Gbit/s systems. 

PMD issues can be categorized in 4 different sections: System issues, emulation, 
compensation and monitoring. Using this grant we have researched all these different 
issues which will be explained in more detail in their corresponding sections. 

System Issues: In contracting the deleterious effects of PMD, it is important for systems 
designers to determine the relative merits of using several possible data formats for high-
speed systems that use the embedded fiber base. The formats considered are non-return-
to-zero (NRZ), return-to-zero (RZ), solitons—and specifically dispersion-managed 
solitons (DMS), and pre-chirped RZ (CRZ).  Many signal degrading effects evolve quite 
differently in the regime of high PMD— PMD > 0.5 ps/km1/2—as compared to the 
regime of low PMD—PMD << 0.5 ps/km1/2—at 10 Gbit/s.  In particular, although soliton 
pulses might be less affected at low PMD due to the pulse stability and trapping in one 
state-of-polarization, solitons tend to become unstable under high PMD conditions. We 
compared the performance of NRZ, RZ, dispersion-managed solitons, and pre-chirped 
RZ in the presence of high PMD for 10 Gbit/s terrestrial systems. Fiber nonlinearities and 
signal chirp interacted with PMD-induced pulse distortion to generate clear trends in 
system power penalties. The chirped RZ pulses seemed to be the most tolerant to high 
PMD values. 

Another important issue to take into consideration is the interaction between fiber 
nonlinearities and the PMD especially in the presence of several WDM channels. We 
show that in a WDM system, where different channels experience phase changes due to 
nonlinear interactions between the channels, first-order PMD compensation is not as 
effective as in the case of a single channel system. The phase change due to XPM can 
introduce bit-pattern-dependent variations of the principal states of polarization (PSP), 
therefore making it impossible to fully compensate for first-order PMD. 
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Another important issue is the interaction between PMD and Polarization Dependent 
Loss (PDL) of the components in the system. In most of the analysis for a system with 
PMD, PDL is considered to be zero, but when PDL is not negligable the PMD effect 
(pulse broadening) can be severely magnified. We investigated the statistical properties 
of the interactions between PMD and PDL using a 10-Gb/s, 8×82-km, recirculating fiber-
loop testbed. As average PDL varied from 1.0 to 2.1 dB with a fixed average PMD of 18 
ps, the power penalty at 2% probability increased from 2.5 to 4.3 dB. 

PMD Emulation: High PMD fiber is not commercially available, and even if it were, it 
would not be able to rapidly explore a large number of different fiber conditions. For 
testing of optical systems that may be affected by PMD and especially for the 
characterization of PMD compensators and PMD monitors, it is critical to be able to 
accurately emulate first and higher-order PMD and quickly cycle through a large number 
of different fiber PMD states. In addition the frequency autocorrelation function of the 
emulators should ideally follow the real fiber and quadratically tend to zero. This will 
accommodate correct PMD emulation of several WDM signals simultaneously. We have 
investigated a technique to accurately emulate PMD using multiple sections of PM fiber 
with rotatable connectors. Also we have come up with a method to emulate PMD in a 
short circulating fiber loop using loop-synchronous polarization scrambler. 

PMD Compensation: It is usually considered that the maximum tolerable PMD is 
between 10-20% of the bit duration. Typical PMD values of installed fibers are greater 
than 1.5ps/√km, which limits to a few 100km the transmission distance at 10Gb/s the 
maximum tolerable PMD value without compensation is rapidly reached. For higher 
values compensation is required. We have proposed several schemes to increase the 
tolerable PMD value. We have looked at first order Fiber Bragg Grating (FBG) 
Compensator, WDM compensation using a single module, combined effect of Forward 
Error Correction and first order compensation, higher order compensation, PDL 
compensation and the effect of nonlinearities (specifically XPM) on successful 
compensation. 

PMD Monitoring: Since the birefringence of a fiber changes randomly along a fiber link 
and the state-of-polarization of an optical signal changes with environmental conditions, 
PMD effects on the data signal are stochastic and time varying. Therefore, any PMD 
compensator at a receiver must track the degrading effects of PMD and dynamically 
adjust the amount of compensation.  Such tracking requires accurate monitoring of these 
≥ms-time-scale effects.  In addition, even if the PMD compensation is implemented after 
the receiver and in the electrical domain, still optical PMD monitors will be crucial in 
compensation.  Several methods for monitoring PMD have been investigated and 
are discussed further throughout this report.
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2.  PMD systems effects 
 
The following system effects were investigated.  
 
(a) The performance of NRZ, RZ, dispersion-managed solitons, and pre-chirped RZ in 
the presence of high PMD was compared  for 10 Gbit/s terrestrial systems. Fiber 
nonlinearities and signal chirp interacted with PMD-induced pulse distortion to generate 
clear trends in system power penalties. The chirped RZ pulses are shown to be  the most 
tolerant to high PMD values. 

(b) In a WDM system, where different channels experience phase changes due to 
nonlinear interactions between the channels, first-order PMD compensation is not as 
effective as in the case of a single channel system. The phase change due to XPM can 
introduce bit-pattern-dependent variations of the principal states of polarization (PSP), 
therefore making it impossible to fully compensate for first-order PMD. In fact, for 
optical power as low as 3 dBm/channel in systems where PMD is not uniformly 
distributed along the transmission link, first-order PMD post-compensation can be 
ineffective. 

(c) The combined statistical effect of PMD and PDL was investigated in a 10-Gb/s, 8×82-
km, recirculating fiber-loop testbed. As average PDL varies from 1.0 to 2.1 dB with a 
fixed average PMD of 18 ps, the power penalty at 2% probability increases from 2.5 to 
4.3 dB. 

(d) It is shown that polarization dependent gain (PDG) in Raman fiber amplifiers is a 
statistical parameter that depends on the PMD of the fiber. The PDG distribution is 
characterized by simulation and verified by experiment. 

 
2.1  Comparison of different modulation formats in terrestrial systems 
with high polarization mode dispersion 
 

The performance of NRZ, RZ, dispersion-managed solitons, and pre-chirped RZ in the 
presence of high PMD was compared  for 10 Gbit/s terrestrial systems. Fiber 
nonlinearities and signal chirp interacted with PMD-induced pulse distortion to generate 
clear trends in system power penalties. The chirped RZ pulses are shown to be  the most 
tolerant to high PMD values. 

In contracting the deleterious effects of PMD, it is important for systems designers to 
determine the relative merits of using several possible data formats for high-speed 
systems that use the embedded fiber base. The formats considered are non-return-to-zero 
(NRZ), return-to-zero (RZ), solitons—and specifically dispersion-managed solitons 
(DMS), and pre-chirped RZ (CRZ).  Many signal degrading effects evolve quite 
differently in the regime of high PMD— PMD > 0.5 ps/km1/2—as compared to the 
regime of low PMD—PMD << 0.5 ps/km1/2—at 10 Gbit/s.  In particular, although soliton 
pulses might be less affected at low PMD due to the pulse stability and trapping in one 
state-of-polarization, solitons tend to become unstable under high PMD conditions.  
Previously published analyses of optical pulse propagation along a fiber link have 
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generally been limited to the statistical average time evalution of these pulses. However, 
there has been little system study of the limitations placed on terrestrial systems by 
considering the complete statistical characteristics of PMD. 

 

SMF
80 km

DCF
15 km

total length = 570 km

SMF
80 km

DCF
15 km

 
Figure 1.  Model used for terrestrial system. Dispersion of the SMF = 17 ps/nm/km, loss of SMF = 0.25 

dB/km, loss of DCF = 0.5 dB/km 

 

We concentrated our model on terrestrial systems operating at 10 Gbit/s.  Figure 1 
shows the setup of our model. We consider a dispersion map that consists of 80 km of 
single-mode fiber (SMF), 15 km of dispersion compensation fiber (DCF), and 2 optical 
amplifiers. This is a commonly used dispersion map for terrestrial systems. The average 
input power is set to 5 dBm and –1 dBm for SMF and DCF fibers respectively. Six stages 
of this dispersion map are considered, totaling 570 km of transmission. We assumed zero 
average dispersion for NRZ and RZ (50% duty cycle) formats, and approximately 0.4 
ps/nm/km for DMS format. For CRZ (chirp=1) format, the total residual dispersion of the 
link is assumed to correspond to the maximum pulse compression at the end of 
transmission with no PMD in the link—i.e. approximately 150 ps/nm. The full width at 
half-maximum power of DMS pulses was optimized for the best performance with no 
PMD in the link—i.e. approximately 25 ps. 
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Figure 2.  Q factor distribution for 10,000ensembles of fibers. Average accumulatedDGD is 28 ps. 
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For each PMD value, an ensemble of 10,000 fibers is evaluated using the coarse step 
method. An ideal integrate-and-dump receiver is considered, and the best sampling time 
is searched within a bit-time window to take into account the PMD-induced pulse shifts. 
Amplified spontaneous emission noise is assumed as the dominant noise source. Figure 2 
shows the Q-factor probability density function for a 10 Gbit/s NRZ system with 28 ps of 
average differential group delay (DGD). The Q-factor can vary over a wide range 
depending on the birefringence of different segments of transmission fiber. Since it is 
insufficient to consider the average system performance, we take into account the worst 
case Q-factor that appears in the tail of its distribution.  

Figures 3(a) and 3(b) show average and worst case—with probability of 0.001—
PMD-induced power penalties for different PMD values (average DGD) and different 
modulation formats at 10 Gbit/s.  There is a large differential in power penalties between 
the worst case and average case scenarios. In general, pulses with shorter duty cycles—
including RZ, DMS and CRZ—perform better than NRZ because they have a wider 
margin which makes them more tolerant to pulse broadening. In NRZ format, PMD-
induced inter-symbol interference causes a rapidly increasing "0" level. Higher "0" levels 
induce higher amplifier-generated noise on the "0" bits and increase the power penalty. 
DMS and RZ tend to perform similarly for high-PMD values. It should be noted that 
soliton trapping, in which soliton energy remains in a single polarization, can not prevent 
PMD-induced distortion as PMD values considered here are higher than the trapping 
limit. 

It is well known that chirped pulses in the presence of the chromatic dispersion 
undergo initial compression if the signs of the chirp and dispersion are the same. 
Knowing this fact, we introduced chirped super-gaussian RZ pulses (CRZ) as the input 
signal and took advantage of the pulse compression to negate PMD-induced pulse 
broadening. This type of signal format would have a similar pulse width as RZ format but 
it has a specific phase change—i.e. chirp—at the edges of the pulse. It is important that 
the signal chirp and the residual chromatic dispersion of the transmission link are 
matched to generate the maximum pulse compression at the receiver end. Due to PMD-
induced pulse broadening, some part of the pulse energy leaks to the neighboring bits, 
and causes inter-symbol-interference and high power penalty. Chirp-induced pulse 
compression helps the pulse energy to remain in its bit time, and therefore decreases the 
power penalty. This leads to a superior performance for CRZ pulses over other data 
formats at higher PMD values. 
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Figure 3.  PMD-induced power penalty @ BER=10-9 for different PMD values in an ensemble of 10,000 fiber 
after 570km transmission, a) average power penalty, b) worst case power penalty (probability ≤ 0.001). 

Figure 4.  Chirp effect on 10 Gbit/s RZ systems with 28 ps average accumulated DGD after 570 km 
transmission. 

 

Figure 4 shows the influence of chirp on power penalty for RZ pulses at 28 ps average 
DGD. For different chirp values, the residual dispersion of the transmission link is 
assumed to match for the maximum pulse compression at the receiver end with no PMD 
in the link. It is shown that pre-chirping can greatly reduce the power penalty caused by 
PMD. For chirp=1, ~1.7 dB improvement compared to un-chirped RZ is obtained. 
Although the result is shown for a super-Gaussian chirped RZ pulses, we also evaluated 
the performance improvement for linearly chirped RZ pulses (chirp=1) and found similar 
improvement. By increasing the chirp to 5, the power penalty improves by ~ 3 dB. 
However, large chirp values result in much higher bandwidths than the un-chirped signal.  
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2.1.1  Experimental Penalty distribution comparison for different data 
formats under high PMD values 
 

The performance of conventional and chirped versions of RZ and NRZ was 
experimentally compared in 10-Gbit/s systems that have high average DGD of >40 ps. It 
was found that the RZ formats have a significantly smaller power variance (~2 dB) 
between the peak and the 2-% tail of the power distribution than the NRZ formats, which 
reduces the probability of link outage.  Furthermore, chirped-NRZ (CNRZ) provides a 
significant increase (>2 dB) in baseline sensitivity relative to NRZ.  Overall, chirped-RZ 
(CRZ) provides the best performance. 

Figure 5 shows the experimental setup used to compare the four different data formats 
in the presence of high PMD (average DGD ~42.6 ps).  An external-cavity laser at 1556.7 
nm is externally modulated with two cascaded electro-optic (EO) modulators to achieve 
NRZ and RZ intensity modulation at 10-Gbit/s (215-1 PRBS).  The phase-adjusted 10-
GHz clock signal is applied at the second EO-modulator to obtain RZ data.  A phase 
modulator, also driven with the clock signal, is used to introduce a sinusoidal chirp after 
intensity modulation.  The PMD emulator consists of 15 sections of polarization-
maintaining (PM) fiber, with 9 polarization controllers distributed between the sections to 
realize different polarization coupling and therefore closely emulate the Maxwellian 
distribution of DGD.  The measured average DGD value of the emulator is ~42.6 ps. 

After the PMD emulator, 16 km of dispersive single-mode fiber (SMF) is used to 
compress the pulses for CNRZ and CRZ data.  The amount of the applied chirp for 
CNRZ and CRZ is optimized based on bit error rate (BER) performance after the 16 km 
of SMF, with a resulting modulation depth at the phase modulator of about 0.5 for both 
cases. 

 
The distribution of the received optical power at BER=10-9 in the presence of PMD is 

measured for the four different data formats by randomly changing the polarization 
coupling inside the PMD emulator using the polarization controllers.  Figure 6 shows the 
measured distribution of the received optical power at BER=10-9 for (a) NRZ, (b) CNRZ, 
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Figure 5.  Experimental setup (PPG: pulse pattern generator, OF: optical filter, Att. :variable attenuator) 
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(c) RZ, and (d) CRZ (500 distinct emulator states for each data format).  The general 
shape and tail of the NRZ distribution is similar to the CNRZ distribution, and the general 
shape and tail of the RZ distribution is similar to the CRZ distribution. 

For a given data format, the power variance between the peak and the 2-% tail 
(corresponding to the 10 worst out of the 500 samples) position provides crucial 
information about the sensitivity of that format to PMD-related effects. The positions of 
the peak and the 2-% tail of the power distributions for the four data formats are listed in 
Table 1.  The RZ and CRZ data formats achieve a ~2 dB lower power variance than the 
corresponding NRZ formats (measured between the peak and the 2-% tail position of the 
distribution).  Due to their narrower pulse widths, RZ and CRZ data formats have a 
greater tolerance for pulse spreading at larger DGD values (i.e., at the tail of the DGD 
distribution) than NRZ and CNRZ data formats.  This results in less increase in the “0”-
level caused by inter-symbol-interference, and hence in less signal-spontaneous beat 
noise for the RZ formats. For both RZ and NRZ, chirping the signal results in a higher 
baseline sensitivity. 

Figure 7 shows measured eye diagrams for NRZ, CNRZ, RZ, and CRZ: without PMD 
(top), at the peak of the distribution with PMD (middle) and at the tail end of the received 
optical power distribution with PMD (bottom).  Severe distortion of the received eye 
diagrams at the tail of the power distribution can be observed for all four formats, but the 
CRZ and RZ formats show a better eye opening compared to NRZ. 
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Figure 6.  Measured distribution of the received optical power at BER=10-9 for (a) NRZ, (b) CNRZ, (c) 

RZ, (d) CRZ data formats (average DGD ~42.6 ps). 
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Table 1.  Received optical peak power, 2-% tail power, and power variance between peak and 2-% tail at 
BER=10-9 for NRZ, CNRZ, RZ, and CRZ data formats (average DGD ~42.6 ps). 

 RZ NRZ 
 with chirp without chirp with chirp without chirp 

Peak power (dBm) -18.6 -17.9 -18.1 -15.7 
2-% tail power (dBm) -15.2 -14.0 -12.7 -10.0 

Variance between peak and 
2-% tail (dB) 3.4 3.9 5.4 5.7 

 
 

NRZ CNRZ CRZRZ

PMD

PMD

@ peak

@ tail

PMD
No

 
  

Figure 7.  Measured eye diagrams for different data formats. 
 
2.2  Limitations to First-Order PMD Compensation in WDM Systems Due 
to XPM-Induced PSP Changes 

 

We show both numerically and experimentally that the nonlinear phase change due to 
XPM induces a bit-pattern-dependent change in the state-of-polarization that translates to 
uncertainty in the PSP. This effect severely limits the effectiveness of first-order PMD 
post-compensation and suggests the use of in-line compensation. 

First-order PMD compensation is the simplest technique to compensate for PMD. It is 
accomplished by simply delaying one state-of-polarization (SOP) with respect to the 
other by the amount of DGD. There have been several experiments to demonstrate first-
order PMD compensation. However, nearly all of these experiments only used single-
channel PMD compensation, and the potentially significant effects of fiber nonlinearities 
in WDM systems on first-order PMD compensation were overlooked. 

We show that in a WDM system, where different channels experience phase changes 
due to nonlinear interactions between the channels, first-order PMD compensation is not 
as effective as in the case of a single channel system. We show that the phase change due 
to XPM can introduce bit-pattern-dependent variations of the principal states of 
polarization (PSP), therefore making it impossible to fully compensate for first-order 
PMD. In fact, for optical power as low as 3 dBm/channel in systems where PMD is not 
uniformly distributed along the transmission link, first-order PMD post-compensation can 
be ineffective. 
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Nonlinear Transformation of the SOP 

The index of refraction can be changed by the optical power in a specific polarization 
state, resulting in a nonlinear birefringence. In WDM systems, cross-phase modulation 
(XPM) induces a nonlinear, bit-pattern-dependent phase change in an optical signal 
whenever there is optical power present at other wavelengths, causing a bit-pattern-
dependent variation in the SOP. Figure 8 illustrates this concept for a simple 2-channel 
system. The bits at wavelength λ1 that propagate alongside a long series of “1”s in the 
channel at λ2 experience a small change in the birefringence of the fiber that changes their 
original SOP. This effect becomes significant when the relative SOPs of the channels are 
preserved over a distance that is long enough for nonlinear interactions to accumulate, 
implying that the nonlinear change in the SOPs is more prevalent in fibers with very low 
PMD, in which the relative polarization states of the channels remain correlated over long 
distances. 

If the PMD is not uniformly distributed along the transmission fiber (e.g., high PMD 
sections of fiber are followed by low PMD sections of fiber), the overall link will still 
require compensation. However, the nonlinear change of the SOPs in the low PMD fiber 
sections can seriously reduce the effectiveness of PMD compensators, due to the fact that 
the overall PSP is dependent on the power of the other optical channels and their SOPs. 
Since first-order PMD compensation depends on applying the appropriate amount of 
DGD, aligned with the PSPs of the signal, it follows that if the PSP is bit-pattern-
dependent, PMD compensation cannot be effectively realized. 

 

Fiber

λ1

λ2
λ1

λ2
λ1

λ1

λ2

input SOP output SOP
 

Figure 8.  Optical power induces a small nonlinear birefringence that randomizes the SOP, limiting the 
effectiveness of first-order PMD compensation. 

 

Numerical System Model and Experimental Set-up 
 

Our simulations concentrated on terrestrial systems operating at 10 Gbit/s. Each 
dispersion map consists of 85 km of single-mode fiber (SMF), 15 km of dispersion 
compensating fiber (DCF), and two gain stages. The average input powers are set to 5 
dBm and –2 dBm for the SMF and DCF fibers, respectively. We considered six stages of 
dispersion-map transmission, totaling 600 km. The WDM channel spacing is considered 
to be 0.8 nm. A low-pass filter with a 6 GHz cut-off frequency is used at the receiver. 
The sampling time and decision threshold are optimized to account for PMD-induced bit-
pattern shifts. Amplified spontaneous emission noise is assumed as the dominant noise 
source. 
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For our experiment, we used an optical recirculating loop, which consists of ~82 km 
SMF and ~12 km DCF. The signal passed a single-section PMD compensator with ~76 
ps DGD after 6 passes through the loop.  

Results  
To evaluate the effects of XPM on PMD compensation, we first consider the simple 

case of a 2-channel system. The first channel contains a random 64-bit signal, with 50 ps 
of DGD applied to its two orthogonal polarization components, and is transmitted over 
600 km of low PMD fiber [0.1 ps/(km)1/2]. First-order PMD compensation is used at the 
end of the transmission link. The second channel is used to induce XPM, and consists of 
a long series of “1”s followed by a long series of “0”s to take into account the worst case 
patterns.  

Figure 9(a) shows the power penalty distributions for a 2-channel system with 
different average optical power levels in the XPM-inducing channel. Figure 9(b) shows 
the 10% worst-case penalty for different initial DGD values and different average XPM-
inducing optical powers. These results show that although in a single channel system 
without XPM the initial DGD can be fully compensated after transmission, in a WDM 
system with XPM, the first-order PMD compensator can not fully compensate for the 
initial DGD due to uncertainty in the PSP. Higher initial DGD values are more 
susceptible to the uncertainty in the PSP, as small deviations in the PSP result in higher 
penalties after compensation. It can be seen that average optical powers as low as 3 dBm 
can cause severe penalties after first-order PMD compensation. 

It is important to note that if the PMD of the link is not small, the different SOPs of 
the WDM channels become uncorrelated and change quickly over a very short distance. 
This results in an averaging of the nonlinear effects on the SOPs which reduces the 
impact of XPM-induced PSP variations. Figure 10(c) shows the power penalty caused by 
XPM-induced PSP variations for a signal with 50 ps initial DGD after first-order 
compensation. It can be seen that the penalty is initially reduced as PMD increases. 
However, as PMD continues to increase, an additional penalty is induced due to higher-
order PMD, which can not be fully compensated with a first-order PMD compensator.  

In order to support our simulation result, we set up an experiment as shown in Fig. 
2(d). We transmitted two optical signals (one with modulated data and the other as a 
continuous wave). By adjusting the polarization controller (PC1) before the PM fiber, we 
first optimized the performance of the system and measure the bit-error-rate (BER) curve. 
Then we changed the relative polarization between the two optical signals by changing 
PC2 to get the worst performance. The BER curves for different optical powers on the 
XPM-inducing channel are shown in Figure 9(e), indicating a significant change in the 
performance of the system. 

Figure 10 shows the Q-factor distribution for an 8-channel system with 3 dBm/channel 
optical power, before and after first-order PMD compensation. Again, it is assumed that 
all channels but one consist of a long series of “1”s followed by a long series of “0”s to 
simulate worst-case XPM. The first 100 km of the link is assumed to have a high PMD of 
3 ps/(km)1/2, and the remaining 500 km has a low PMD of 0.1 ps/(km)1/2. It is clearly seen 
that XPM has little effect on the Q-factor distribution without first-order PMD 
compensation, but causes significant distortion (> 4 dB penalty) after compensation. 
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Because fiber nonlinearities can limit the performance of first-order PMD post-
compensation, in-line compensation may be necessary to avoid accumulation of PSP 
uncertainties over the link. 
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Figure 9.  SIMULATION—600 km transmission, 2-channel 10 Gb/s system, 0.8 nm channel spacing—(a) 
Power penalty distributions due to different XPM-inducing optical powers (average power = –1 dBm, 2 
dBm, 5 dBm) after first-order PMD compensation, 50 ps initial DGD, (b) 10% worst-case penalty after 
first-order PMD compensation for different initial DGD values and different average XPM-inducing 
optical powers, (c) 10% worst-case penalty after first-order PMD compensation vs. PMD of the link, 50 
ps initial DGD, 5 dBm/channel; EXPERIMENT—6 times re-circulation in the loop, 0.8 nm channel 
spacing—(d) Experimental set-up, (e) BER curves for the best and worst relative polarization between 
the two signals for 2.5 dBm and 4 dBm input power on the XPM-inducing channel to the SMF. 
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Figure 10.  Q-factor distribution for a 10 Gb/s signal (8-channels) after 600 km transmission. The first 100 
km of the link has a high PMD of 3 ps/(km)1/2, and the remaining 500 km has a low PMD of 0.1 
ps/(km)1/2. (a) No XPM, before PMD compensation, (b) No XPM, after PMD compensation, (c) with 
XPM, before PMD compensation, and (d) with XPM, after PMD compensation. 
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2.3 Statistical Measurement of the Combined Effect of PMD and PDL 
Using a 10-Gb/s Recirculating Loop Testbed 

 

The combined effect of PMD and PDL was investigated statistically using a 10-Gb/s, 
8×82-km, recirculating fiber-loop testbed. As average PDL varied from 1.0 to 2.1 dB 
with a fixed average PMD of 18 ps, the power penalty at 2% probability increased from 
2.5 to 4.3 dB. 

Fiber-optic communication systems and networks are vulnerable to problems arising 
from various fiber polarization effects, particularly, polarization mode dispersion (PMD) 
and polarization dependent loss (PDL). To first order, PMD induces pulse broadening by 
creating a delayed copy of the original signal. PDL has also been recognized as a critical 
issue because various optical networking components, such as isolators, filters, and 
switches, may have non-negligible PDL. It is well known that PDL, as well as 
polarization dependent gain (PDG) of optical amplifiers, can induce a random fluctuation 
of the optical signal-to-noise-ratio (OSNR), which leads to a significant performance 
degradation in long-distance systems. Furthermore, theoretical analysis has shown that 
PDL can enhance pulse broadening when combined with PMD. A recent experiment 
reported bit-error-rate (BER) degradation and instability due to a lumped PDL placed 
after a PMD emulator in 2.5 Gb/s system. However, investigation of the combined effects 
of PMD and PDL in an experiment that closely approximates a real optical amplifier 
system has never been reported.  

Recirculating fiber loop testbeds are powerful tools in the research and development 
of optical amplifier systems. However, conventional recirculating loops are inadequate in 
the presence of non-negligible polarization-dependent effects, specifically PMD, because 
a recirculating loop exhibits some measure of periodic behavior that artificially produces 
an unrealistic PMD distribution that is skewed towards higher differential group delays 
(DGDs). Our solution to this problem is to employ loop-synchronous polarization 
scrambling inside the loop. This technique provides an effective tool to measure 
statistically the effects of PMD and/or PDL on system performance.   

In this paper, we measure the probability distribution of power penalties for a 10-Gb/s, 
8×82-km recirculating fiber loop that represents a typical terrestrial system. For this 
system, with an average PMD of 18 ps, the penalty distribution tail at 2% probability 
increases from 2.5 to 4.3 dB as the average PDL increases from 1.0 to 2.1 dB. In the 
absence of PMD (PDL only), we observe much lower power penalties. As the number of 
optical components increases in the links, this problem will become more severe.  

Experimental Setup 
Figure 11 shows the experimental setup. An external cavity laser at 1557 nm is 

modulated at 10 Gbit/s (215-1 PRBS). The dispersion-managed recirculating loop 
consists of three EDFAs operating in the saturated regime, 82 km of single-mode fiber 
(SMF), and 12 km of dispersion-compensating fiber (DCF) with a chromatic dispersion 
of -1348 ps/nm. The input powers to the SMF and DCF are fixed at 3.0 dBm and -1.0 
dBm, respectively. In order to emulate the statistical distribution of PMD and PDL in real 
systems, a loop-synchronous LiNbO3 polarization controller (PC), a polarization-
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maintaining (PM) fiber, and a PDL emulator are used inside the loop. The polarization 
transfer matrix of the LiNbO3 PC is controlled by six input voltages and can be set to a 
random state during each loop period. These decorrelated polarization states are repeated 
after a certain number of loops as determined by the loop control circuitry. The PDL 
emulator can be adjusted from 0.15 dB to 0.9 dB per pass. The background PDL, mainly 
due to the LiNbO3 PC, is about 0.25 dB per loop. We use 8 passes through the loop, 
corresponding to about 650-km transmission. 
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Figure 11.  Setup of our recirculating fiber loop with loop-synchronous polarization scrambling.  

 
Results and Discussion 

 
Figure 12 shows the standard deviation of the received power penalty after 650-km 

transmission under different conditions of combined PMD and PDL, with each point in 
the figure measured from 200 samples. Here, the power penalty is determined by 
comparing the receiver sensitivity at 10-9 BER with the back-to-back sensitivity measured 
at 25-dB OSNR. The intrinsic penalty without the PM fiber and PDL emulator is about 
0.8 dB. TThe average PDL is estimated as )(PDL/ looprLoop numbe × , where in this case the 
loop number is 8. Without the PM fiber, the standard deviation of power penalties comes 
from fluctuations in the received OSNR. This is a relatively small effect. PMD is 
introduced by including a piece of PM fiber in the loop. Two spools of PM fiber with 6.9-
ps and 8.4-ps DGD are used, corresponding to average system PMD (8 loops) of 18 ps 
and 22 ps, respectively. Also shown in Fig. 2 is a comparison between measured data and 
estimated results under the assumption that PDL and PMD affect system performance 
independently. When the average PDL is lower than 1.0 dB (0.35 dB/loop), the 
interaction between PMD and PDL is not obvious. However, when PDL is greater than 
2.1 dB (0.75 dB/loop), serious performance degradation is observed, e.g., the power 
penalty standard deviation changes from 0.8 dB to 1.9 dB as the average PDL varies from 
0.7 dB to 2.5 dB with 22-ps PMD. 
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Figure 12.  Standard deviation of power penalty versus average PDL after 650-km fiber transmission. Solid 

line: measurement (each point obtained from 200 samples) Dashed line: estimated results assuming 
PMD and PDL are statistically independent 

 

To further compare system performance under conditions of small and large PDL, we 
measure the histogram of power penalties with the results shown in Figure 13. Here, each 
histogram is drawn from 500 samples. Without incorporating PMD into the loop, the 
power penalty for 500 samples is bounded by 2.5 dB even when the average PDL is 2.1 
dB, as shown in Figures 13(a) and (b). We assume a system outage happens when the 
power penalty is greater than 4 dB. Only 2 outages are observed when the system has a 
PMD of 18 ps and a relatively small PDL of 1 dB (0.35 dB/loop), as shown in Figure 
13(c). This agrees with the 0.3% outage probability obtained from a simulation assuming 
that PDL is negligible. However, when the PDL increases to 2.1 dB (0.75 dB/loop), the 
number of outages increases to 13 out of 500 samples, as shown in Figure 3(d). Such an 
outage probability (2.6%) far exceeds the result expected under the assumption that the 
effects of PMD and PDL are statistically independent, confirming that the performance 
degradation is due to the combined effect of PMD and PDL. In addition, the power 
penalty distribution tail at 2% probability increases from 2.5 dB to 4.3 dB as the PDL 
increases from 1.0 dB to 2.1 dB for 18-ps PMD.   
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Figure 13.  Histograms of power penalty of PDL only and combined PMD/PDL (500 samples each). Here 
PDL value is average PDL.  (a) PMD=0 ps/PDL=1.0 dB  (b) PMD=0 ps/PDL=2.1 dB  (c) PMD=18 
ps/PDL=1.0 dB 
(d) PMD=18 ps/PDL=2.1 dB 

 
2.4  Statistics of Polarization Dependant Gain in Raman Fiber Amplifiers 
due to PMD 

 
Polarization dependent gain (PDG) in Raman fiber amplifiers is shown to be a 

statistical parameter that depends on the PMD of the fiber. The PDG distribution was 
characterized by simulation and verified by experiment. 

With the recent availability of high power pump lasers, Raman amplification has 
become feasible for commercial DWDM fiber-optic communication systems. Raman 
fiber amplifiers are highly attractive for their low equivalent noise figure and wideband 
gain. However, the Raman gain coefficient is polarization sensitive and can be up to 10 
times higher when the signal and pump polarization states are parallel rather than 
perpendicular. Previous studies of this polarization dependent gain (PDG) investigate its 
relationship with the polarization mode dispersion (PMD) of the fiber, and the degree of 
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the polarization (DOP) of the pump laser. These studies show that when the average 
PMD of the fiber becomes high enough, or if the pump DOP is very low, then the PDG 
becomes negligible. But these studies do not investigate the statistical behavior of the 
polarization dependant gain. 

There are two ways of characterizing polarization sensitivity in Raman amplifiers. 
One is to measure the PDG at a given point in time, which is determined by varying 
either the pump or signal polarization and recording the difference between the maximum 
and minimum gains. Alternatively, one can monitor how the instantaneous gain varies 
over time due to both PMD induced variations and changes to the signal's input state of 
polarization (SOP). In this paper we investigate the statistical characteristics of both of 
these parameters theoretically and experimentally. 

Since PDG is greatly reduced for counterpropagating pump schemes, we use a 
copropogating configuration in our experimental setup to magnify the polarization 
effects. Copropogating amplifiers have certain improved amplification characteristics and 
may be useful in some system applications, and for these, a quantitative understanding of 
PDG statistics may be critical. Our results show how the mean and standard deviation of 
the PDG decreases with increasing values of PMD. 

 
 

0 0.1 0.2 0.3 0.4
0

20

40

60

80

100

DGD (ps)

C
ou

nt

Maxwellian
DGD distribution

Isolator

Polarization
controller

λ s
=1

57
7 

nm

...

11 Polarization controllers 

W
D
M

10 km Raman amplifier

W
D
M

Power
meter

λ P
=1

47
0 

nm

OSA

 
Figure 14.  Raman amplifier setup and measured DGD distribution; <DGD>= 0.19ps, PMD=0.06ps/km1/2. 
 

Experimental setup 
 

Figure 14 depicts the experimental setup. The Raman amplifier consists of 10 km of 
unspooled dispersion shifted fiber. The input pump power is 205mW and the average 
gain is 3.4 dB. The signal passes through a computer controlled polarization controller to 
vary the signal's input SOP.  The switch in the pump path is used to "turn off" the pump 
for gain measurements. The pump and signal are separated at the output where the signal 
power fluctuations are monitored with an optical spectrum analyzer (OSA). 

Within the amplifier, 11 polarization controllers (PCs) are placed at approximately 
800m intervals. By changing these PCs between measurements, we induced random 
variations in the polarization mode coupling within the transmission fiber that would 
otherwise only occur over a long period of time.  We verified this technique by taking 
500 samples of instantaneous differential group delay (DGD) at our signal wavelength 
while randomly changing the PCs between measurements.  The resulting DGD 
distribution (figure 14) closely approximates the expected Maxwellian and yields an 
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average PMD of 0.06 ps/km½. It should also be noted that the PDL of our setup is 
≤0.33dB, which is about 1 dB less than our average PDG. 
 
Results 

 

Figure 15(a) shows the measured PDG distribution. The 11 PCs were varied randomly 
between each of the 500 samples. During each measurement, the output signal power was 
monitored while the input signal SOP was varied randomly. The maximum achieved 
power fluctuation determines the PDG since the average Raman gain, which was also 
measured at each data point, remained constant at 3.4±0.15 dB (variation due to PDL). 
To further verify our measurement technique, another 500 samples were taken without 
changing the 11 PCs at all (over a period of only four hours to avoid the natural evolution 
of polarization coupling within the fiber). The resulting PDG remained constant within 
±0.2 dB, adding validity to our method. Figure 15(b) shows the cumulative distribution 
functions (cdf) for the measured and simulated PDG for 0.06 ps/km1/2 PMD. Note the 
simulated and experimental results closely agree. Similarly, figures 15(c) and (d) show 
the measured and simulated distributions of the instantaneous Raman gain. Again, the 
simulated and experimental results are in agreement. 
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Figure 15.  (a) Measured histogram of PDG, (b) simulated vs. experimental cumulative distribution 
         functions of PDG; (c) and (d) show the same plots for the Raman gain (for PMD=0.06 ps/km½). 
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Since our experimental results are presently limited to only a single PMD value (we 
are looking for higher PMD fibers to further our experiments), the simulation was used to 
investigate how the PDG statistics vary for different values of PMD. Our simulation 
models a fiber with PMD as a series of 1000 equal length sections with random 
polarization mode coupling between them. The Raman gain of each section depends on 
the relative polarizations of the signal and pump. Figure 16(a) shows that even modest 
increases in the PMD reduce both the average and spread of the PDG distribution. Figure 
16(b) shows the normalized variation of the mean PDG versus PMD. The results show 
that a total PMD of 0.66 ps (0.2ps/km½ x (10km)½) is enough to reduce the mean PDG to 
as low as 10% of the average gain. Figure 16(c) shows the normalized variation of the 
standard deviation of the Raman gain versus PMD. Also note that the constant slope in 
figure 16(b) shows that the product of the mean PDG and the PMD of the link remains 
constant, as does σGain x PMD (figure 16(c)). 
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Figure 16.  (a) Histograms showing how the mean and standard deviation of the Raman PDG decrease as the 
PMD is increased from 0.03 to 0.09 to 0.15 ps/km½; (b) and (c) show the mean PDG and the standard 
deviation of the Raman gain versus PMD (and 1/PMD) for a 10-km Raman amplifier (where the PDG 
and gain are normalized to the average gain). 
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3. PMD Emulation 
 

For testing of optical systems that may be affected by PMD and especially for the 
characterization of PMD compensators, it is critical to be able to accurately emulate first 
and higher-order PMD and quickly cycle through a large number of different fiber PMD 
states.  Any PMD emulator should meet the following three key performance metrics: 

(1) The DGD should be Maxwellian-distributed over an ensemble of fiber 
realizations at any fixed optical frequency. 

(2) The emulator should produce accurate higher-order PMD statistics and should 
be able to reach any combination of first and higher-order PMD values. 

(3) When averaged over an ensemble of fiber realizations, the frequency 
autocorrelation function of the PMD emulator should tend towards zero outside 
a limited frequency range. 

 
In addition to the above performance requirements, a PMD emulator should ideally 

exhibit the following features to act as a practical measurement tool:  

(1) Stability – the PMD of the emulator should remain stable over the measurement 
period, which may last minutes to hours. 

(2) Repeatability and predictability – it should be possible to “dial in” any desired 
PMD state of the emulator. 

(3) Simplicity – the implementation of the emulator should be simple and power 
efficient, and it should be easy to quickly vary the emulator’s PMD state.  
Furthermore, the emulator should ideally have low loss and exhibit negligible 
polarization dependent loss (PDL). 

 

The first two requirements, stability and repeatability, are very difficult to achieve 
since most emulators are constructed of several birefringent elements which tend to be 
extremely sensitive to environmental changes, causing the polarization state at the 
emulator output to vary over short periods of time even though the control parameters are 
held constant (such as polarization controller settings, crystal rotations, etc.).  

 

With this grant,  
 

(a) Both experimentally and theoretically a new technique was investigated to 
realistically emulate polarization mode dispersion. It was demonstrated that 15 sections 
of polarization-maintaining fiber with randomly rotatable connections emulate an almost 
ideal Maxwellian differential group delay (DGD) distribution and close to ideal 
frequency auto correlation function whereas fixed connections is inadequate. 

(b) A compact, all-fiber PMD emulator with accurate first and higher order PMD 
statistics was constructed using electrically controllable thin-film micro-heaters to 
temperature tune the birefringence of multiple PM fiber sections spliced at 45° angles. 
The advantages over the previous emulator were low loss, negligible PDL, simple 
construction, no internal reflections, and no moving parts. 
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(c) A short recirculating fiber loop (~100 km) that can emulate PMD with  Maxwellian 
statistics was realized by loop-synchronous polarization scrambling inside the loop. The 
performance of the distribution-correct PMD loop was compared both experimentally and 
numerically to that of a distribution-incorrect PMD loop. This achievement enabled 
correct PMD experiments in the recirculating  fiber loops. 

 

3.1  Emulator with Polarization Controllers or Rotatable Connectors 
between Sections 

 
Our initial investigations of PMD emulators focused on the study of the number 

sections required to produce accurate first and higher order statistics, on the differences 
between full polarization scattering and simple polarization rotation between sections, 
and on obtaining a frequency autocorrelation function that quadratically falls to zero after 
a short bandwidth.  Both simulation and experimental investigations were performed.  In 
addition, an analytical formula for the probability density function of an emulator with 
polarization scattering between sections was developed.  

Figure 17(a) shows simulated probability density functions for 3- and 15-section 
emulators with polarization controllers between each section of PM fiber. It was observed 
that utilizing unequal lengths of PM fibers increases the rate of convergence of DGD to a 
Maxwellian distribution. In practice, an emulator with polarization controllers is difficult 
to build and control. Thus, our experimental implementation used rotatable connectors 
that change the polarization orientations but not their relative phases.  

DGD density functions were obtained using Monte Carlo simulations based on the 
coarse step method.  Figure 17(b) shows the DGD pdfs of 3- and 15-section PMD 
emulators. The shape of the DGD density function converges to a Maxwellian pdf for 
emulators with more than 10 sections of PM fiber. Figure 17(c) shows the worst case eye 
diagram (with probability 0.001, a point in the tail of the distribution) of a 10 Gb/s signal 
with 30 ps average DGD, for a real fiber and a 3-section PMD emulator. It is apparent 
that a 3-section PMD emulator cannot reproduce realistic PMD degradation. We 
numerically verified that with 15 sections of PM fiber, a Maxwellian pdf is achieved out 
to 3 times the average DGD in the tail of the pdf. 
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The experimental emulator was constructed using 15 sections of PM fiber connected 

by rotatable-key connectors. Rotatable connectors allow the polarization axes of any two 
adjacent fibers to be rotated with respect to each other. The length of the PM fibers were 
chosen randomly, with an average of ~ 7 meters and a 20% Gaussian deviation.  The beat 
length of the PM fiber is ~ 3.1 mm at 1550 nm. Therefore, 15 sections of PM fiber 
generates ~ 40 ps of PMD. The total loss of the emulator is 6 – 10 dB and varies with the 
angles between the PM fiber sections.  The loss can be made more uniform by careful 
consideration of the connectors themselves. The polarization dependent loss was 
measured to be less than 0.2 dB, and the DGD values were measured using the Jones 
matrix method. 
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Figure 17.  Simulation results. a) DGD distribution for a 3- and 15-section PMD emulator with a polarization 
controller between each section (unequal lengths of PM fiber), b) with a polarization rotation between 
each section, c) the worst case eye diagram (with probability 0.001) of a 10 Gb/s signal with 30 ps 
average DGD, for a real fiber and a 3-section PMD emulator. 
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Figures 18(a) and (b) show the DGD density functions for 3- and a 15-section 
emulators at a fixed wavelength of 1555 nm.  1000 samples were taken by randomly 
rotating the angles between the fibers. The wavelength was swept over 1 nm with 0.02 
nm steps for each set of angles to obtain a DGD pdf at 50 different wavelengths. Good 
distributions were obtained at other wavelengths as well, and the average DGD was very 
close to 40 ps at all wavelengths. As shown in figure 18(c), the 15-section emulator also 
exhibits good second-order PMD statistics that closely match the ideal theoretical 
distribution. 
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Figure 19.  Frequency autocorrelation function of PMD vector for a) 3- and 10-section PMD emulators with 
unequal lengths of PM fibers (simulation), and  b) a 15-section emulator with equal and unequal 
lengths of PM fibers (simulation and experiment).  Note the undesired periodicity that results when 
equal-length sections are used. 

In WDM systems, not only should the DGD pdf of each channel be Maxwellian, but 
the PMD characteristics of channels separated by large frequencies should also be 
statistically independent—i.e. the PMD vectors should be uncorrelated.  For 40 ps of 
PMD, a real fiber shows negligible correlation between PMD vectors when the spacing is 
more than 0.2 nm. Figure 19 shows the autocorrelation function of the PMD vector for 
emulators with 3, 10, and 15 sections. For a 15-section, unequal-length PMD emulator, 
an average level of 10% correlation remains between well-spaced wavelengths. To avoid 
periodicity in the autocorrelation function and to decrease the residual correlation, it is 
preferable to employ unequal-length sections in PMD emulators. In addition, we 
theoretically determined that the use of polarization controllers rather than rotators only 
slightly reduces the residual correlation. 
 
3.2  Emulator with Deposited Micro-Heaters for Thermally Tuned 
Birefringent Sections 

 
The use of polarization controllers or rotatable connectors between sections of PM 

fiber proved to be cumbersome, lossy, and lacked automated control.  To overcome these 
issues, we constructed a 30-section, compact, all-fiber PMD emulator that uses an 
integrated series of evaporated micro-heaters to thermally tune the birefringence of each 
DGD section to accurately reproduce PMD statistics.  This all-fiber design combined 
with the use of a silicon V-groove array to mount the micro-heating elements enabled a 
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compact, low loss emulator that is electrically controllable, has no moving parts, 
negligible polarization-dependent loss (PDL), and no internal reflections. 
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Figure 20.  (a) Schematic diagram of the PMD emulator and (b) 2π rotation of the output state of 
polarization due to the temperature dependence of the birefringence as a single heater element is tuned 
from 0 to 6 V (two curves shown). 

 
A schematic illustration of the emulator is shown in figure 20(a).  Short sections of 

FiberCore HiBi polarization maintaining optical fiber are fusion spliced together at 45° 
angles as shown. The beat length of the fiber at 1550 nm is 4.1 mm.  To produce an 
accurate PMD distribution, 30 sections of unequal lengths were used. The average length 
of each section was chosen to be ~6 meters with a 20% Gaussian deviation to obtain an 
average DGD of 42 ps.  E-beam evaporation was used to deposit 2.5 cm long thin-film 
heaters near the center of each section. 

Each heater is comprised of a 15 nm titanium layer for good adhesion to the glass and 
a 120 nm gold layer for good thermal conductivity.  To achieve a compact emulator 
package, the fiber heaters were mounted on a 32-section silicon V-groove array with 1.25 
mm spacing (see Figure 21(b)). The remaining two sections were used to build test 
elements to characterize the temperature dependence of the DGD and output polarization 
state of single PM fiber sections. A splice organizer tray houses the 171 meters of PM 
fiber and splices.  A 40-conductor ribbon cable was used to make electrical contact to 
each of the 30 sections and the remaining 8 conductors were used as parallel return lines. 
The individual elements were computer controlled using a 32-channel analog output card.  
A photograph of the emulator is shown in figure 21.  The measured loss of the emulator 
is 3.6 dB including the input connector and 33 splices (29 PM splices at 45°, 2 splices to 
SMF pigtails, and 2 PM splices to repair broken fibers).  No PDL was seen using a 
conventional power meter, indicating that the PDL is < 0.05 dB. 
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Figure 20(b) shows the variation in the output state of polarization as the birefringence 
of one heater element is tuned to produce a 2π radian change.  The temperature 
dependence of the birefringence of this PM fiber was measured to be 0.75 rad/°C/meter.  
This can be significantly increased by using a PM fiber with stronger temperature 
dependence or by using longer heater sections (4 - 6 cm). 

 
To cycle through the PMD states of the emulator, a simple software program was used 

to apply a set of 30 random voltages, chosen to achieve a uniform distribution of applied 
powers, to the heater elements between DGD samples.  Figures 22(a) and (b) show the 
resulting first and second-order PMD distributions after taking 850 samples.  It can be 
seen that the statistics of the PMD emulator closely match the theoretical curves.  Figure 
22(c) depicts the frequency autocorrelation function of the emulator showing that the 
PMD at different wavelengths has less than 20% correlation for channel spacings greater 
than ~0.3 nm. 

 
  

(a) (b) (c) 

Figure 22.  Experimental PMD statistics of the emulator versus theory. (a) DGD distribution, (b) 2nd-Order 
PMD distribution, (c) frequency autocorrelation function. 
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Figure 21.  (a) Photograph of the PMD emulator showing heater array, fiber splice tray, and ribbon cable for 
control.  (b) schematic illustration of the compact design with heaters mounted using a silicon v-groove 
array. 
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3.3  Accurate reproduction of Maxwellian PMD statistics in a short 
recirculating fiber loop 

For the last decade, recirculating fiber loop testbeds have been powerful tools in the 
research and development of medium-to-long-haul optical transmission systems.  Under 
most circumstances, these fiber loops are well behaved and can accurately replicate the 
characteristics of a point-to-point fiber link.  However, in the presence of non-negligible 
polarization-dependent effects, specifically polarization mode dispersion (PMD), 
conventional recirculating loops are inadequate.  PMD is unique because it is a stochastic 
process, whereas a recirculating loop exhibits some measure of deterministic behavior 
that artificially produces an unrealistic PMD distribution that is skewed towards higher 
differential group delays (DGD). Any testbed that does not accurately reproduce the tail 
of the distribution will give erroneous results. 

A recirculating fiber loop testbed that is only ~100 km long and yet accurately 
replicates the true Maxwellian DGD distribution caused by PMD was demonstrated.  A 
single section of polarization-maintaining (PM) fiber and a lithium-niobate (LiNbO3) 
polarization controller was used which was synchronized to the electronic loop controller 
circuitry. The tail of the power penalty distribution after 650 km transmission with an 
average PMD of ~22 ps is close to that expected from a Maxwellian distribution of DGD. 
Therefore, the modified loop testbed provided an efficient tool for investigating the 
combined effects of fiber dispersion, nonlinearities, and PMD.  

Figure 23 shows the experimental setup of a recirculating fiber loop that emulated 
PMD for long distance data transmission. An external-cavity laser at 1556.7 nm was 
externally NRZ-modulated with an electro-optic (EO) modulator at 10 Gbit/s.. The 
dispersion-managed recirculating fiber loop consisted of three in-line EDFAs, 84 km of 
single-mode fiber (SMF), and dispersion-compensating fiber (DCF) with dispersion of -
1348 ps/nm. The input powers to the SMF and DCF were adjusted to 2.0 dBm and -1.0 
dBm. The PMD of the loop was emulated by a single section, PM fiber (DGD ~8.3 ps) 
and a loop-synchronous LiNbO3 polarization controller. The polarization transfer matrix 
of the scrambler was controlled by six input voltages and set to a random state during 
each loop period. These decorrelated polarization states were repeated after a certain 
number of loops as determined by the loop control signal. This provided a virtual 
increment of the length of the fiber loop in terms of the polarization state evolution along 
the transmission fiber. At the output of the loop, an pre-amplifier EDFA was used 
followed by a 1 nm bandwidth optical filter, for burst-mode bit-error-rate (BER) 
measurements.  

Figure 24 shows measured optical power distributions at 10-9 BER using the 
recirculating PMD loop, both with and without inter-loop polarization decorrelation. 
Figure 24(a) shows the optical power distribution using 500 independent polarization 
samples taken by randomly changing the polarization states for 8-loop transmission. An 
alternative configuration for the PMD loop was also investigated. In this case, the PMD 
loop was replaced by a 15-section PMD emulator (average DGD ~8.9 ps) with three 
polarization controllers. The results are shown in Figure 24(b). The optical power 
distribution was taken by randomly changing the polarization coupling between 15-
section PMD emulator inside of the loop after 6-loop transmission. Since the average 
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DGD of the emulator (~8.9 ps) was slightly larger than the average DGD of the a single 
section PM fiber, the expected average DGD value after 6-loop transmission in this case 
matched the expected DGD value after 8-loop transmission for the one-section PM fiber 
loop. Figure 24(c) shows the optical power distribution after 8-loop transmission for 1000 
independent polarization samples. In this case, in addition to randomly changing the 
polarization states for each sample, the state-of-polarization was decorrelated after each 
loop circulation. It is clear that the power distributions without inter-loop polarization 
decorrelation have much longer tails than the distribution with inter-loop polarization 
decorrelation, even if a multi-section PMD emulator is used inside of the loop. To 
quantify the performance shown in Figure 24,  the case of the loop without PMD was 
measured , followed by a lumped 44 ps average DGD. The worst case power penalties for 
6-and 8-loop transmission are about 4.5 dB and 4.7 dB. Based on these results, the 
probability of a power penalty >4.5 dB (i.e., DGD >44 ps) would be about 32% for the 
case shown in Figure 24(b), and the probabilities of a power penalty >4.7 dB (i.e., DGD 
>44 ps) would be 31% and 0.5% for the cases shown in Figures. 24(a) and (c). 
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Figure 25(a) shows the simulated increase in average DGD with the number of loops. 
When there is no inter-loop decorrelation of polarization states, average DGD grows 
almost linearly (solid circles) because of a strong polarization correlation between loops. 
When inter-loop decorrelation of polarization is introduced by the loop-synchronous 
polarization controller, average DGD grows as the square root of the number of loops 
(open circles). The solid line shows the analytically expected growth of average DGD as 
the number of loops increases. Figure 25(b) shows the deviation of the DGD distribution 
from an ideal Maxwellian DGD distribution as the number of loops increases. The 
normalized deviation (∆) from a Maxwellian is calculated as the integrated absolute 
difference between the simulated DGD probability density function (pdf) and a 
Maxwellian pdf for each loop number. For a PMD loop without inter-loop polarization 
decorrelation, the DGD distribution diverges significantly from a Maxwellian as the 
number of loops increases. However, for a PMD loop with inter-loop polarization 
decorrelation, 

The DGD distribution converged to a Maxwellian as the number of loops increased. 
This is because each loop can be considered as a single section PMD emulator with 
random polarization coupling, and the DGD distribution will closely approximate a 
Maxwellian distribution as the number of sections in the PMD emulator is increased, or 
equivalently in our case, as the number of loops increased. Figure 25(c), (d), and (e) show 
numerical results for DGD distributions with the recirculating fiber loop configurations 
of Figure 24(a), (b), and (c). As shown in Figure 25(c) and (d), the distributions of DGD 
after loop transmission without inter-loop polarization decorrelation deviate significantly 
from a Maxwellian DGD distribution and had much longer tails, as was previously 
explained. In Figure 25(e), the DGD distribution with inter-loop polarization 
decorrelation closely approximated a Maxwellian DGD distribution. Also numerically the 
power penalty distributions for the cases in Figure 24 was calculated, taking into 
consideration the random distribution of the DGD and the power ratio between the two 
principal states of polarization. The simulation predicted that the probability for the 
power penalty to be greater than 4.5 dB for the case of Figure 24(b), and greater than 4.7 
dB for the cases of Figure 24(a) and (c), are 20%, 21%, and 0.4%. These values agreed 
reasonably well with the experimental results.  
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Figure 25.  (a) The increase in average DGD with the number of loops, and (b) the normalized deviation from a 
Maxwellian DGD distribution as the number of loops increases (solid line shows expected average DGD), (c) 
Simulated DGD distribution of PMD loop without inter-loop polarization decorrelation (one-section PM fiber with 
pol. controller, 5000 independent pol. samples, 8 loop). (d) Simulated DGD distribution of PMD loop without inter-
loop polarization decorrelation (15-section PMD emulator with three PCs, 5000 independent polarization samples, 6 
loop) (e) Simulated DGD distribution of PMD loop with inter-loop polarization decorrelation (one-section PM fiber 
with pol. controller, 10000 independent pol. samples, 8 loop). 

 

4. PMD Compensation  
 

It is usually considered that the maximum tolerable PMD is between 10-20% of the bit 
duration. Typical PMD values of installed fibers are greater than 1.5ps/√km, which limits 
to a few 100km the transmission distance at 10Gb/s the maximum tolerable PMD value 
without compensation is rapidly reached. To be able to operate at higher bit rates or 
higher lengths, compensation or mitigation is required. The following projects were done 
with regards to PMD compensation. A summary of each approach will be explained but 
as the papers are attached to this report, only the WDM-PMD compensation using a 
single module will be explained in detail. 

 
- Simultaneous PMD compensation of multiple WDM channels using a single 
compensator 

Simultaneous PMD compensation for four 10 Gb/s WDM channels was demonstrated 
using only one single module. The technique optimized overall system performance by 
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reducing the channel fading probability. The 2% worst-case power penalty for the 
combined channels in a system with ~42 ps average DGD was improved by over 4 dB.  

 
- Enhanced Higher-Order PMD Compensation Using a Variable Time Delay 
Between Polarizations 

A simple model was introduced for a two-stage higher-order-PMD compensator that 
has one fixed and one variable differential-delay stage. The results compared the outage 
probability of the link with the two stage higher-order-PMD compensator and that of a 
first-order compensator. The results show the comparison for different amounts of PMD 
in the link and have shown that by using the two-stage higher-order-PMD compensator, 
achieved tolerable PMD is 50% greater than that of a first-order compensator. 

 

- Enhanced PMD mitigation using forward-error-correction coding combined with 
a first-order PMD compensator 

A significant increase in PMD tolerance using the combination of forward-error-
correction (FEC) with a first-order PMD compensator was experimentally demonstrated 
and numerically verified. It was found that the PMD tolerance for 10 Gb/s systems can be 
increased to more than 40 ps of average PMD by combining FEC with first-order PMD 
compensation. Furthermore, it was shown that the system power margin for a 
transmission link with 43 ps of PMD can be improved by ~7.5 dB, compared with using 
only a first-order compensator. 

 

- Intra-Bit Polarization Diversity Modulation (IPDM) for PMD Mitigation 
A novel and straight forward intra-bit polarization diversity modulation (IPDM) 

technique was proposed and demonstrated to mitigate the effects of first-order PMD. The 
technique required only one feedback signal, was independent of the DGD of the optical 
fiber link, and could operate at >kHz speeds. A unique, but simple, polarization-based 
modulation format was used at the transmitter and a polarizer at the receiver to select the 
channel power from only one polarization direction. In the transmitter, each bit was split 
into two equal halves, with the first half transmitted at an orthogonal polarization to the 
second half. This modulation format guaranteed that the optical power in the two fiber 
PSPs be similar under almost all conditions. At the receiver, the first-order PMD effect 
could be completely removed by selecting only one polarization direction using a 
polarizer. This scheme had the same advantages of the published PST method, but its 
response time was orders of magnitude faster. 

It was shown that the power penalty induced by first-order PMD was limited to 3 dB 
and independent of the DGD value of the fiber link. The 2% received optical power tail 
for the IPDM method had a 4 dB improvement when compared to NRZ signals in the 
presence of higher-order PMD. 
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- Demonstration of In-Line Monitoring and Dynamic Broadband Compensation of  
Polarization Dependent Loss 

In-line monitoring and broadband compensation of PDL for four 10-Gbit/s WDM 
signals was demonstrated. Monitoring and dynamic compensation was performed every 
100 km along the 800-km link. In order to avoid the influence of EDFA transients, 
monitoring was accomplished by using >20-kHz polarization scrambling on either: (i) the 
data wavelength, or (ii) an ancillary wavelength. Compensation was performed by 
gathering the monitored PDL and rotating two polarization controllers, each one 
preceding a fixed PDL component. Using this method, the dynamic PDL compensator 
reduced the 2% power penalty tail from 6.5 dB to < 2.0 dB in the presence of 14 ps 
average PMD. Given the 0.2-ps of PMD in the EDFAs, the compensator can correct for 
degradations over a wide 6-nm bandwidth. It should be emphasized that PDL 
compensation is easier to perform periodically along a link, whereas PMD compensation 
is easier to accomplish only once in a link, typically at the receiver. 

Simultaneous PMD Compensation of Multiple WDM Channels Using a Single 
Compensator: 

 
4.1  Simultaneous PMD compensation of multiple WDM channels using a 
single compensator 

Simultaneous PMD compensation for four WDM channels using a single module that 
is designed to optimize the overall performance of a group of channels by reducing the 
highly-deleterious impact of the DGD distribution tails was demonstrated. We 
experimentally showed that this simple yet powerful compensation technique, which uses 
only a single photodetector and does not require demultiplexing of the individual 
channels, significantly reduces the probability of channel fading in a WDM system with 
four 10-Gb/s WDM channels and 42 ps of average DGD. For 1000 independent 
measurements, the 2% worst-case value of the power penalty for the combined WDM 
channels is reduced from 9.6 dB to 5.3 dB. 

Several PMD compensators have previously been demonstrated for a single 
wavelength channel. One critical limitation in all previously reported compensation 
techniques is that each wavelength-division-multiplexed (WDM) channel would require 
its own separate PMD compensator module, increasing both system cost and complexity. 
An ideal multiple-channel first-order PMD compensator would generate PMD vectors 
opposite to the PMD vectors of the transmission fiber at each channel wavelength. In the 
high-PMD regime where PMD compensation becomes necessary, the correlation 
bandwidth of the PMD vectors is less than the WDM channel spacing and the PMD 
vectors are independent from each other. In this case, a single PMD compensator with a 
fixed PMD vector cannot fully compensate for all WDM channels. However, as we show, 
a single compensator can significantly decrease both the worst case power penalty and 
the channel fading probability by optimizing over the entire group of WDM channels. 

The effectiveness of our technique is based on the fact that it is highly unlikely that 
two or more channels will be severely degraded at any given time. Figure 26 shows 
simulation results of the power penalty corresponding to different DGD values. Note that 
the power penalty for small DGD is negligible and only high DGD values generate 
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significant power penalties. Additionally, from the Maxwellian distribution, it is apparent 
that the probability of a large DGD value is very small. Moreover, even if the situation 
does occur in which two channels both have a large DGD, the channels will be severely 
degraded only if the state-of-polarization of each channel is somewhat orthogonal to its 
own PMD vector. Therefore, it is highly unlikely that more than one channel will be 
severely degraded at any given time. 
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Figure 26.  (Top) Due to the Maxwellian distribution of DGD, the probability is low that more than one 
channel is degraded at any given time. (Bottom) The simulation results show the exponential increase in 
power penalty with increasing DGD. Using our technique, the DGD of the worst channel is significantly 
decreased, with a slight change in other channels. 

 

Our compensation module is shown in Figure 27. The input to our module consists of 
four equal-power 4-nm-spaced WDM channels. We used a multi-section PMD emulator 
with rotatable connectors to provide a realistic 42 ps of PMD; the emulator produces 
Maxwellian-distributed DGD with a PMD-vector autocorrelation function that closely 
resembles that of real fiber. Compensation is provided by an electrically-controlled 
polarization controller followed by a short length of polarization-maintaining (PM) fiber 
that provides 30 ps of DGD. Following the PM fiber, a small portion of the WDM data 
stream is tapped off and fed to a single photodetector.  
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Figure 27.  Our compensator uses a feedback signal derived from the combined channels in a WDM data 

stream to simultaneously optimize system performance. 

 
A portion of the high-frequency components of the combined WDM signal from the 

photodetector is then mixed with itself to generate a signal that is proportional to the 
overall RF power. This signal is then fed back to the polarization controller to increase 
the detected RF power by optimizing the overall system performance, resulting in 
increased eye openings for the WDM data streams. 
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Figure 28.  (a) Power penalty histogram for a typical WDM channel (channel #1) without and with compensation. (b) 
Combined power penalty histogram for a four-channel WDM system without and with compensation. (c) Eye 
diagram of each channel without and with compensation. 
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Figure 28 shows the results of our power penalty measurements (1000 independent 
measurements—250 per channel) for a typical channel (Figure 28(a)) and the combined 
four WDM channels (Figure 28(b)). Each independent measurement corresponds to a 
different emulator state. Note that simultaneous compensation of all WDM channels 
reduces the probability of the highly-degraded tail events and decreases the worst case 
power penalty by more than 4 dB. For the combined WDM channels, the 2% worst case 
of the power penalty distribution tail for the channels is reduced from 9.6 dB to 5.3 dB. 
Figure 28(c) shows one measurement of the eye diagram of the four channels before and 
after compensation. Channel 4 has been improved significantly after compensation 
without impacting the other channels. Although we reported the 2% worst case, we 
emphasize that these results show definite trends for more demanding link outage 
scenarios. 

By using additional polarization controllers and PM fiber sections in series within the 
compensator, additional degrees of freedom would allow generation of frequency 
dependent PMD vectors, providing even more complete compensation of even greater 
numbers of WDM channels. 
 

5.  PMD Monitoring 
Since the birefringence of a fiber changes randomly along a fiber link and the state-of-

polarization of an optical signal changes with environmental conditions, PMD effects on 
the data signal are stochastic and time varying. Therefore, any PMD compensator at a 
receiver must track the degrading effects of PMD and dynamically adjust the amount of 
compensation.  Such tracking requires accurate monitoring of these ≥ms-time-scale 
effects.  The following several techniques have been proposed and tested under this grant 
to monitor the PMD of the system and to be able to either electrically or optically 
compensate for PMD. Each approach has it’s own advantages and disadvantages, but 
since the papers explaining all the methods are attached in appendix A, only the Degree 
of Polarization Method (DOP) (method 4) which seems to be the most promising 
approach will be explained in more detail. 

 
- Simultaneous PMD monitoring of several WDM channels using subcarrier tones 

A novel and simple technique for simultaneous and independent PMD monitoring of 
WDM channels in 10 Gbit/s systems was presented. A subcarrier tone was added to each 
of the WDM channels using a 10% modulation depth (power penalty <0.3 dB). The 
subcarriers had the same power but slightly different frequencies. It was shown through 
statistical measurements that the subcarrier power fading due to PMD was strongly 
correlated to the PMD-induced degradation on that channel. In the demonstration a single 
module was used to monitor the PMD of two channels by tracking each channel’s 
subcarrier tone power. This technique did not require any optical demultiplexing of the 
WDM channels. 
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- Simple bit-rate-independent PMD Monitoring for WDM Systems using a PDL 
element 

A simple bit-rate independent technique for PMD monitoring was proposed using a 
PDL element which operated within a few milliseconds for a single channel, and could 
accommodate many WDM channels by sweeping the optical filter across all channels. 
This method utilized: (i) a polarization scrambler at the transmitter, and (ii) a 
combination of a polarization scrambler, optical filter, and polarization-dependent-loss 
(PDL) element at the receiver.   

 
For a fixed position of the optical filter, the instantaneous differential group delay 

(DGD) was measured for an individual channel. This monitor signal was generated by the 
root-mean-square (RMS) value of the optical power that was fluctuating due to the 
scrambling and subsequent passing through a PDL element. The instantaneous DGD 
value of 0 to 70 ps was monitored for NRZ and RZ formats, and the monitor output was 
used as a feedback signal for PMD compensation of a 10-Gb/s NRZ channel. For first-
order PMD compensators, this scheme can readily be adapted for much higher bit rates, 
reduces the feedback control complexity, and significantly improves stability. 

 
- PMD monitoring in WDM systems for NRZ data using a chromatic-dispersion-
regenerated clock 

A dispersive element can be used at the receiver to regenerate a clock component for 
NRZ data, and it was shown that this regenerated clock is very sensitive to PMD and can 
be extracted to monitor PMD of an optical transmission link. Successful PMD 
compensation at 10 Gbit/s using this regenerated clock power as a control signal was also 
demonstrated. 

 
- Wide-dynamic-range DGD monitoring by partial optical signal spectrum DOP 
measurement  

Degree of Polarization measurement to monitor PMD is already a well known 
technique  but in this project it is shown that by filtering the signal before the receiver 
and then measuring the DOP  (partial-optical-spectrum DOP measurement), the pulse-
width dependent DGD monitoring range is increased for 10, 20, and 40-Gbit/s RZ and the 
sensitivity is increased for 10-Gbit/s NRZ signals. The monitoring range for 20 and 40-
Gbit/s RZ signals is extended to one bit time. 

 
 
5.1  Wide-dynamic-range DGD monitoring by partial optical signal 
spectrum DOP measurement  

Several types of PMD monitors have been reported that measure PMD or data 
integrity.  However, the technique of measuring the signal's degree-of-polarization (DOP) 
has the advantage of not requiring high speed circuit and is independent of the bit-rate. 
Unfortunately, DOP measurements as a function of instantaneous DGD suffer from the 
following crucial systems disadvantages: (i) there is a small DGD monitoring window 
when measuring a short pulse return-to-zero (RZ) signal, and (ii) there is a lack of 
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sensitivity when measuring a non-return-to-zero (NRZ) signal, and iii) the higher-order 
PMD affects the DOP measurement for DGD.  It would be highly desirable to have a 
PMD monitor for which the DOP can be measured to obtain wide monitoring windows 
and high sensitivity for both RZ and NRZ signals and low sensitivity to higher order 
PMD. 

We demonstrate a technique for measuring the signal's DOP as a function of DGD for 
RZ signals such that the DGD monitoring range is dramatically enhanced. Using a 
narrowband optical filter that is either centered at the carrier or on one of the signal's 
sidebands, we change the detected DOP to get wider monitoring range or higher 
sensitivity. For different pulse-widths at bit rates of 10, 20, and 40 Gbit/s, using our 
technique, the monitoring range for 12.5-ps pulse 10, 20, and 40 Gbit/s RZ signals are 
increased by 32, 33, and 12 ps, respectively. Moreover, the monitoring range of 25-ps 
pulse 20 Gbit/s RZ signals is extended from 26 ps to 45 ps. 

Pulse width modification for DOP-based PMD monitoring 
While a signal's DOP has been shown to be related to the PMD of an optical link, 

making it a convenient monitoring tool, the usefulness of this technique when applied to 
varied pulse-width RZ systems is not well understood.  The DOP of a signal at the 
receiver depends on the DGD of the system, the polarization splitting ratio, and the signal 
pulse width. As the width of an RZ pulse decreases, the DGD monitoring range provided 
by DOP monitoring decreases as well.  The case when the polarization splitting ratio is 
equal to 50% (equal optical power in each polarization state, or polarization scrambling at 
the transmitter), is shown in Figure 29(a) for varying pulse widths.  This figure shows 
that the DOP reaches its first minimum value when the DGD is equal to the pulse width.  
Thus, a DGD monitor utilizing DOP measurement suffers a reduction in its DGD 
monitoring window as the pulse width decreases (for example, in a short-pulse RZ 
system). 
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Figure 29.  (a) The effective DGD monitoring window is limited to the pulse width of the RZ signal. (b) 
Narrowband optical filtering can increase the DGD monitoring window by broadening the pulse in the 
time domain.  
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One solution that can enhance the DGD monitoring windows in short-pulse systems is 
broadening the optical pulse in the time domain, which moves the first DOP minimum to 
a higher DGD value.  This concept is illustrated in Figure 29(b).  This is achieved 
through the use of a narrowband optical filter that can be centered on either the carrier or 
the first optical clock component.  As multiplication in the wavelength domain 
corresponds to convolution in the time domain, a sufficiently narrowband optical filter 
(with a broad time domain response) can be used to broaden a pulse in time via 
convolution.  Simulation results for this system are shown in Figure 30 for varying bit 
rates and pulse widths.  The width of the filter is an important parameter when utilizing 
this technique - too narrow a filter results in too little optical power and lower sensitivity, 
while too wide a filter (with a shorter time response) reduces the pulse broadening that is 
key to this technique.  Our simulations show the ideal filter bandwidth to be 0.8*Rb, 
where Rb is the bit rate of the system. As seen in Figure 30(a) and (b), side band filtering, 
i.e., by centering the narrowband optical filter at the first optical clock sidebands (either 
upper or lower), results in a near-doubling of the DOP sensitivity for PMD monitoring in 
40 and 10 Gbit/s NRZ systems without affecting the monitoring windows.  Figure 30(c) 
and (d) show that center and sideband filtering results in 25 and 50 ps increases in the 
monitoring windows in 40 and 10 Gbit/s RZ systems, respectively, corresponding to bit-
time-length DGD monitoring windows. 
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Figure 30.  (a),(b) Sideband filtering results in a near-doubling of the DOP sensitivity  for PMD monitoring in 40 
and 10 Gbit/s NRZ systems without affecting the monitoring windows.  (c),(d) Center and sideband filtering 

results in 25 and 50 ps increases in the monitoring windows in 40 and 10 Gbit/s RZ systems, respectively, 
corresponding to bit-time-length DGD monitoring windows. 

 
In addition, when the narrowband optical filter is centered on the RZ carrier, the 

resulting DOP values are much less sensitive to higher-order PMD, as the filtered signal 
includes only optical frequency components that experience similar PMD vectors. 

 
40, 20, 10-Gbit/s Systems Experiments 

Figure 31(a) shows the experimental setup of a 10, 20, and 40-Gb/s system with 
varying pulse widths. The 10 Gbit/s RZ data (223-1 PRBS) with 50% duty cycle is first 
generated using two cascaded electro-optic modulators. The pulse width is then 
compressed to 12.5 ps and 25 ps by adjusting the amplitude of a phase   
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Figure 31.  (a) Experimental setup of a 10, 20, and 40 Gbit/s OTDM system with 12.5 and 25 ps RZ pulse widths 
obtained by changing the bias voltage on the phase modulator. (b) The DGD monitoring system setup using the 
narrowband optical filter and polarimeter. 

 
modulator followed by a spool of single-mode-fiber (SMF) with a dispersion value of 80 
ps/nm. A two-stage optical multiplexer is used to generate 20 Gbit/s and 40 Gbit/s data 
stream. After the transmitter, a variable DGD element is used to generate varying 
amounts of first-order PMD by aligning the input polarization state to provide equal 
power to the fast and slow axes of the DGD element. The PMD monitoring configuration 
is shown in Figure 31(b). A narrowband tunable optical filter is used to filter out a partial 
optical spectrum from the signal. The bandwidth of the filter depends on the data rate, 
e.g. 0.28 nm, 0.12 nm and 0.28 nm for 10, 20, and 40 Gbit/s, respectively. A polarimeter 
is used to gather the DOP information of the monitoring signal, and an the optical 
spectrum analyzer (OSA) is used for spectrum analysis. 

The measurement results for different pulse widths in different bit rate systems are 
shown in Figure 32 (a)-(d). As we can see that, for 12.5-ps pulse widths, the narrowband 
optical filtering technique increases the DGD monitoring windows by at least 12 ps, 33 
ps, and 32 ps for 40, 20 and 10 Gbit/sec signals.  For 25-ps pulse widths, the dynamic 
range increases by 20 ps for 20-Gbit/s signals. 
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Figure 32.  The narrowband optical filtering technique increases the DGD monitoring windows in (a) 40 
Gbit/sec 12.5 ps pulse RZ systems by at least 12 ps, in (b) 20 Gbit/sec 12.5 ps pulse RZ systems by 33 ps, 
(c) 20 Gbit/s 25 ps pulse RZ systems by 20 ps, and (d) 10 Gbit/sec 12.5 ps pulse RZ systems by 32 ps. 
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